Chemokines are vertebrate-specific, structurally related proteins that function primarily in controlling cell movements by activating specific 7-transmembrane receptors. Chemokines play critical roles in a large number of biological processes and are also involved in a range of pathological conditions. For these reasons, chemokines are at the focus of studies in developmental biology and of clinically oriented research aimed at controlling cancer, inflammation, and immunological diseases. The small size of the zebrafish embryos, their rapid external development, and optical properties as well as the large number of eggs and the fast expansion in genetic tools available make this model an extremely useful one for studying the function of chemokines and chemokine receptors in an in vivo setting. Here, we review the findings relevant to the role that chemokines play in the context of directed single-cell migration, primarily in neutrophils and germ cells, and compare it to the collective cell migration of the zebrafish lateral line. We present the current knowledge concerning the formation of the chemokine gradient, its interpretation within the cell, and the molecular mechanisms underlying the cellular response to chemokine signals during directed migration.
Introduction
Chemokines are small (typically 8-10 kD), vertebrate-specific, secreted protein ligands that bind to their cognate chemokine receptors to elicit cellular responses. The chemokine family is characterized by sequence conservation and is subdivided into four groups (CC, CXC, C, and CX3C), based on the relative positions of cysteine residues within the primary structure of the protein (Zlotnik & Yoshie, 2000) . The chemokine receptors are 7-transmembrane G-protein coupled receptors (GPCRs) that are subdivided into four groups, depending on the type of chemokine they bind (and are therefore correspondingly named CCR, CXCR, XCR, and CX3CR) (Murphy et al, 2000) .
Originally, chemokines (chemotactic cytokines) have been studied mainly in relation to their role in directing leukocyte trafficking in the immune system (reviewed in Baggiolini, 1998; Sallusto & Baggiolini, 2008) . This has led to a classification based on the functional context of chemokine expression. Several chemokines expressed in response to infection or injury are designated as inflammatory chemokines (Baggiolini, 1998) . These are mainly responsible for recruiting specific leukocyte populations to sites of inflammation. Another subset, defined as homeostatic chemokines, regulates the general mobility of leukocytes, as well as trafficking of leukocytes within and between lymphoid organs (Baggiolini, 1998) . Chemokines that fulfill both roles are defined as dual chemokines (Zlotnik & Yoshie, 2012) .
Correspondingly, based on the chemokines they bind, chemokine receptors are defined as inflammatory, homeostatic or dual receptors (Zlotnik & Yoshie, 2012) . Members of the "regulatory" group do not control cellular signaling directly, but rather play a role in the recycling of other receptors, or in chemokine scavenging (Zlotnik & Yoshie, 2012) .
Interestingly, several members of the homeostatic and regulatory chemokine groups have been found to play important roles beyond the immune system, in a diverse set of processes that include angiogenesis (Koch et al, 1992) , hematopoiesis (Nagasawa et al, 1996) , neural development (Zou et al, 1998) , germ cell migration (Doitsidou et al, 2002) , and tumor metastasis (Muller et al, 2001) . In some of these processes, chemokines were shown to direct the migration of groups of cells, while in others, they were shown to guide individually migrating cells. The latter type of migration constitutes the main focus of this review.
Whereas chemokines were also shown to be involved in processes other than migration, their major function (as their name implies) concerns the control of chemotaxis: directed cell migration that is guided by a gradient of extracellular, soluble molecules (from ancient Greek chemeia: "chemistry" and taxis: "marching forward"). A related process termed haptotaxis (from haptein: "to grasp") is usually defined as directional cell migration that is guided by a gradient of insoluble molecules, such as components of the extracellular matrix (ECM), but also ECM-bound ligands that do not freely diffuse. From the perspective of the cellular response, chemotaxis and haptotaxis in response to ECM-bound ligands are rather similar, as both involve biochemical signaling events in which an extracellular ligand activates a membrane-bound receptor. The distinction between chemotaxis and haptotaxis as broadly defined might thus be more relevant to in vitro cell migration, where a gradient of soluble ligand molecules in the absence of ECM is more easily generated. In the context of in vivo cell migration, where most if not all extracellular ligands interact to some degree with the ECM, chemotaxis in its strict sense would therefore be an exception. Alternatively, haptotaxis may be defined more stringently, setting a definition based on a threshold in adhesion energy between the cell and its surroundings (cell-ECM or cell-cell interactions). According to the latter definition of haptotaxis, chemotaxis would include all cases of cell migration in response to ECM-bound ligands.
Independent of their definitions, chemotaxis and haptotaxis can be either positive, when a cell moves toward a higher concentration of a molecule (designated a chemoattractant) or negative, when a cell migrates away from a higher concentration of a molecule (referred to then as a chemorepellent).
A significant proportion of the research concerning the molecular and cellular mechanisms of eukaryotic chemotaxis has been performed in vitro, by studying 2-dimensional (2D) migration of the slime mold Dictyostelium discoideum, and of isolated mammalian neutrophils (reviewed in Cai & Devreotes, 2011) . Although the chemotactic signals are different (Konijn et al, 1967; Schroder et al, 1987; Walz et al, 1987; Yoshimura et al, 1987; Van Damme et al, 1988) , the mechanisms of the chemoattractant action are similar between these two models. In the first stage, the cells sense the gradient as the chemoattractant activates a membranebound G-protein coupled receptor (GPCR). Differential receptor activation along the length of a cell or over time leads to the induction of cellular polarization that is then translated into directed migration.
Direct microscopic observation of migrating cells and imaging of second messenger molecules have been critical for the understanding of 2D chemotaxis in vitro. However, it has become clear that migration in a 3-dimensional (3D) environment-as occurs in vivo -can be regulated differently. For example, 3D migration of dendritic cells does not require integrins, which are essential for 2D migration in vitro (Lammermann et al, 2008) . Investigating chemotaxis and the role of chemokines in this process, in the context of the intact organism or tissue, requires the use of novel model systems. The zebrafish embryo offers important advantages for studying the in vivo role and regulation of chemotaxis during development and in relation to immune system function. The optical clarity and small size of the zebrafish embryo allow direct visualization of migration processes at high temporal and spatial resolution while employing a large and expanding molecular genetics toolbox. In this review, we will discuss the recent progress made using the zebrafish embryo in studying the role of chemokines and their receptors in guiding the migration, primarily of single cells.
Zebrafish chemokines and their receptors
The recent sequence analysis of the zebrafish genome provided a comprehensive list of chemokine and chemokine receptor family members in this species (DeVries et al, 2006; Nomiyama et al, 2008; Bajoghli et al, 2009; Chen et al, 2013) . In total, 33 zebrafish chemokine receptor and 89 chemokine genes have been identified, a number which is significantly higher than that in humans (Nomiyama et al, 2013) (Fig 1) . This number reflects both the additional whole-genome duplication event within the ray-finned fish, as well as several small-scale tandem gene duplications. Bona fide zebrafish orthologues have been identified for 12 out of 23 human chemokine receptor genes (Sprague et al, 2006) . For the chemokine ligands, identification of orthologues proved to be more difficult, due to gene duplications within individual species both in fish and in tetrapod lineages (Bajoghli, 2013) . It is important to note that although sequence similarity and conservation of gene order along the chromosome (synteny) could be employed to suggest functional chemokine-chemokine receptor interaction, genetic or biochemical characterization of these interactions should be performed to confirm the evolutionary conservation of chemokine-receptor interaction. As discussed below, such functional characterizations have been thus far performed only for Cxcl12a, Cxcl12b, Ccl19, and Cxcl8 (Il8) (Boldajipour et al, 2011; Deng et al, 2011; Wu et al, 2012; de Oliveira et al, 2013) . Significantly however, in all of these examples, the corresponding receptor-ligand interactions identified in mammals have been conserved in zebrafish.
The best-characterized chemokines that function during zebrafish embryonic development are the homologs of the human homeostatic chemokine CXCL12 (also known as Stromal cellderived factor-1, or SDF-1). The cxcl12 gene has been duplicated in the course of the whole-genome duplication during early rayfinned fish evolution Postlethwait et al, 1998) , giving rise to the two paralogs cxcl12a and cxcl12b. Similarly, zebrafish possess two paralogous genes of the human CXCL12-receptor CXCR4, designated cxcr4a and cxcr4b. Originally identified in forward and reverse genetics screens as essential for primordial germ cell and lateral line migration (David et al, 2002; Doitsidou et al, 2002; Knaut et al, 2003) , zebrafish Cxcl12a-Cxcr4b and Cxcl12b-Cxcr4a interactions (Boldajipour et al, 2011) have since been shown to regulate the migration of a large variety of cell types. These include cell types from all germ layers, such as specific neuronal cells and axons (Gilmour et al, 2004; Knaut et al, 2005; Li et al, 2005; Sapede et al, 2005; Chalasani et al, 2007; Miyasaka et al, 2007; Palevitch et al, 2010) , neural crest (Olesnicky Killian et al, 2009) , endodermal progenitors (Mizoguchi et al, 2008; Nair & Schilling, 2008) , neutrophils (Walters et al, 2010) , endothelial cells of blood vessels, and lymphatic vessels (Siekmann et al, 2009; Bussmann et al, 2011; Fujita et al, 2011; Cha et al, 2012; Xu et al, 2014) and muscle precursors (Chong et al, 2007; Hollway et al, 2007) . Some promiscuity between the paralogous gene pairs appears to exist, as interaction between Cxcl12a and Cxcr4a during angiogenesis in fin regeneration has been reported (Xu et al, 2014) , as well as a possible interaction between Cxcl12b and Cxcr4b in the context of PGC migration (Boldajipour et al, 2011) . In addition to CXCR4, CXCL12 binds to CXCR7, which does not activate downstream signaling (Balabanian et al, 2005; Burns et al, 2006; Naumann et al, 2010; Mahabaleshwar et al, 2012) . Rather, CXCR7 acts as a decoy receptor for CXCL12 that binds the chemokine to effectively reduce the level of the molecule at certain times or in specific tissues. This function was demonstrated in vivo for Cxcr7b, one of the two CXCR7 paralogs in zebrafish (Boldajipour et al, 2008) .
More recent studies demonstrated the function of the inflammatory chemokine Cxcl8 (van der Aa et al, 2010; Oehlers et al, 2010; Sarris et al, 2012; de Oliveira et al, 2013) and its receptors Cxcr1 and Cxcr2 (Oehlers et al, 2010; Deng et al, 2013) in zebrafish. Four homologs of CXCL8 named cxcl8a and cxcl8b.1, 2, and 3 are present in zebrafish. The expression of these chemokines was shown to be induced during infection, when they function in Cxcr2-dependent neutrophil recruitment.
Another recent example for chemokine function in zebrafish is that of the CC-receptor Ccr7 (Wu et al, 2012) , a protein essential for proper gastrulation during early embryogenesis. In humans, CCR7 has 3 ligands, CCL19, CCL21, and CCL25, while in zebrafish, 4 homologous proteins were identified and named Ccl19.1, Ccl19.2, Ccl19.3, and Ccl21/25 (Nomiyama et al, 2008) . Knockdown of Ccl19.1 results in defects very similar to those observed upon Ccr7 knockdown, consistent with the idea that Ccl19.1 is the major ligand of the four that acts through Ccr7 binding during early development (Wu et al, 2012 ).
Zebrafish models of chemokine-guided single-cell migration
Primordial germ cell migration Primordial germ cells (PGCs), the progenitor of germline cells, serve as an important model for studying chemotaxis in the context of a developing embryo. Similar to PGCs in other species, zebrafish PGCs are specified away from the gonad, the position where they ultimately differentiate into sperm and eggs and therefore have to migrate to reach their final destination (reviewed in Kunwar et al, 2006; . Interestingly, zebrafish PGCs are specified at four different sites that are positioned randomly within the embryo and thus rely on a mechanism that would direct their migration toward the target from different locations (Yoon et al, 1997) (Fig 2A) . The principles of coordinating PGC migration are based on the dynamic expression of Cxcl12a and on the expression of its receptor Cxcr4b on the surface of PGCs (Doitsidou et al, 2002) . The specificity of the guidance signal is most clearly demonstrated by the fact that the PGCs practically ignore a closely related ligand, Cxcl12b, which is produced at the time and occasionally The EMBO Journal Chemokines in zebrafish cell migration Jeroen Bussmann & Erez Raz along the route of their migration for controlling other developmental processes in the embryo (Boldajipour et al, 2011) .
Responding to the guidance cue, the PGCs form a special type of cellular protrusions known as blebs (Blaser et al, 2006) . In contrast to the intensely studied lamellipodia-based migration, blebbing is not powered by actin polymerization at the leading edge of the cell, but instead is driven by myosin contraction and hydrostatic pressure. Blebs are initiated following local myosin contraction and perturbation of the actomyosin cortex interaction with the plasma membrane. At the site of the weakened association between the cortex and the membrane, a bleb is inflated in response to the hydrostatic pressure within the cell (Charras & Paluch, 2008; Fackler & Grosse, 2008; Paluch & Raz, 2013) . Subsequent reconstitution of actomyosin cortex-plasma membrane interaction within the cell protrusion, establishment of new adhesion sites at the cell front and retraction of the back of the cell jointly facilitate forward cell movement. Although the precise mechanisms are unknown (see below), activation of Cxcr4b by Cxcl12a can bias bleb localization, promoting cell migration in the direction of higher Cxcl12a expression (Blaser et al, 2006) .
Neutrophil migration
The recent establishment of a diverse set of transgenic lines in which the various leukocyte lineages, such as neutrophils, macrophages, and T lymphocytes, can be traced using in vivo imaging techniques has been key to the development of zebrafish as a model for leukocyte chemotaxis (Elks et al, 2011) . Facilitated by the optical clarity of the zebrafish embryos, the rapidly migrating leukocytes can be imaged at a high spatial and temporal resolution. Of the various leukocyte lineages that perform chemokine-mediated chemotaxis, neutrophils have recently gained significant attention (Henry et al, 2013) . Neutrophils are a large population of leukocytes that provide the first line of defense against invading microbes. They are the first cells to be recruited to sites of infection and damaged tissues, where they kill bacteria by phagocytosis and intra-or extracellular release of antibacterial proteins (Kolaczkowska & Kubes, 2013) . Similar to their human counterparts, zebrafish neutrophils appear to be recruited from distant origins to sites of infection through the induction of Cxcl8 expression after bacterial infection (Sarris et al, 2012) . In zebrafish, Cxcl8 acts mainly by activating the receptor Cxcr2, which is specifically expressed by the neutrophils (Deng et al, 2013; de Oliveira et al, 2013) .
Zebrafish neutrophils arise from two separate lineages, one lineage related to primitive macrophages and a second that arises during early definitive hematopoiesis, which in zebrafish occurs in the caudal hematopoietic tissue (CHT) (Le Guyader et al, 2008) . Cells from both lineages reside mostly in subepidermal sites and in the CHT, with only a small proportion located in the circulation (Le Guyader et al, 2008) . Neutrophils are thus recruited from the CHT, even from distant sites (Deng et al, 2013) and the chemokine that is directly or indirectly responsible for this mobilization process is Cxcl8 (Fig 2B) .
PGCs and neutrophils both perform long-range chemokinedirected migration within the embryo to reach their target. Differences between the two cell populations are mainly in the mode of migration, which in neutrophils involves the formation cellular protrusions in the form of pseudopodia , while PGCs primarily produce blebs to translocate (Blaser et al, 2006) . Below, we will discuss the distinct steps involved in chemokinecontrolled migration in both cell types. These steps include chemokine gradient formation, gradient interpretation, cell polarization, and the cellular response by directed migration.
Chemokine gradient formation
Recently, chemokine gradients have been directly visualized in vivo in the context of Ccl21-mediated dendritic cell migration in mice (Weber et al, 2013) and in zebrafish, where Cxcl8 mediates neutrophil migration (Sarris et al, 2012) (Fig 2B) . Cxcl8 forms an extracellular, matrix-bound gradient that extends at least 100 lm around the cell that expresses the chemokine. Interestingly, Cxcl8 protein was detected beyond this local tissue gradient and was found to be enriched along the venous vasculature, which includes the CHT from which Cxcl8 meditates the mobilization of neutrophils into the vasculature (Sarris et al, 2012) . Since Cxcl8 binding to the venous vasculature is also required for neutrophil arrest on the blood vessel wall and to facilitate the subsequent extravasation (Middleton et al, 1997) , it appears that Cxcl8 acts at several stages of neutrophil recruitment to sites of infection.
Binding of Cxcl8 to the extracellular matrix, or more specifically to heparan sulfate proteoglycans, was found to be required for efficient neutrophil migration, indicating that zebrafish neutrophils migrate-at least in part-by haptotaxis (Sarris et al, 2012) . Similarly, in vivo migration of dendritic cells in the mouse ear has recently been shown to be regulated by heparan-sulfate-bound gradients of the chemokine CCL21 (Weber et al, 2013) . Whereas in the mouse model system, interfering with the heparan sulfate interaction abolished directed migration, zebrafish neutrophil migration was only partly affected by such a treatment. It is therefore possible that zebrafish neutrophils employ a combination of chemotaxis and haptotaxis (or only chemotaxis in its broader definition), conferring them with increased robustness to perturbations of this kind. An interesting open question relates to the mechanisms responsible for the migration of neutrophils away from their migration target following wound healing. In addressing this question, it would be informative to characterize the distribution and levels of the signals that attracted the cells to sites of injury and correlate these data with the behavior of the neutrophils.
An additional aspect important for gradient formation is chemokine clearance from the extracellular space. In the absence of chemokine removal, localized chemokine release and accumulation within the confined space of the tissue would lead to continuous erosion of the chemokine gradient. In the case of zebrafish PGCs, chemokine removal is mediated by the interaction of Cxcl12a with the non-signaling receptor Cxcr7b (Boldajipour et al, 2008) . Cxcr7b is expressed in most somatic cells during the stages of PGC migration and mediates the endocytosis and degradation of Cxcl12a, thereby maintaining the Cxcl12a gradient at a physiological level. This sink function allows dynamic changes in the RNA expression of cxcl12a to be mirrored by a corresponding protein distribution pattern. Although the signaling activity of Cxcr7 has been debated (Rajagopal et al, 2010) , it was shown that at least in the context of PGC migration, interaction of Cxcl12a with Cxcr7b leads to the localization of Cxcl12a in late endosomes. Here, Cxcr7b and Cxcl12a are separated in a b-Arrestin-dependent process, such that unbound Cxcl12a is degraded in lysosomes, whereas Cxcr7b is shuttled back to the plasma membrane (Mahabaleshwar et al, 2012) . As chemokine decoy or scavenging receptors other than Cxcr7 have been identified (Borroni et al, 2008) , the distribution of chemokines other than Cxcl12 could be similarly regulated. It would thus be interesting to determine the role other non-signaling chemokine receptors play in controlling chemokine-guided migration in other contexts. In addition to its contribution to dynamic properties of the gradient, the decoy or scavenging activity of Cxcr7b plays an interesting role in another tissue. During the development of a zebrafish sensory organ, the posterior lateral line (PLL), Cxcl12a is essential for the migration of a cell cluster, the lateral line primordium (David et al, 2002; Ghysen & Dambly-Chaudiere, 2007) (Fig 2C) . Despite the directed migration of this group of cells, cxcl12a RNA is uniformly expressed along the migration route. Thus, a formation of a Cxcl12-encoded positional information by way of localized expression and diffusion is highly unlikely. Interestingly however, Cxcr4b signaling activity-as deduced from receptor turnover-does appear in a linear gradient within the migrating primordium (Dona et al, 2013; Venkiteswaran et al, 2013) . The differences in the Cxcr4b receptor activity along the lateral line primordium, which presumably reflects differences in extracellular ligand (Cxcl12a) distribution, is critically dependent on the function of Cxcr7 at the back of the migrating cluster. There, similar to its function in the process of PGC migration, Cxcr7b removes Cxcl12a from the extracellular space. This activity effectively generates a situation where Cxcr4b expressed within cells at the front of the cluster are exposed to high levels of Cxcl12 as compared with Cxcr4b at the back of the cluster (Dona et al, 2013; Venkiteswaran et al, 2013) . In this framework, Cxcr7b-expressing cells within the migrating lateral line perform a similar role to that played by the somatic cells during PGC migration as they control the chemokine level by means of ligand sequestration. Whereas this type of self-generated chemokine gradient might be unique to multicellular migration, differential receptor localization within single migrating cells could theoretically function in a similar way in directing forward migration.
Although the Cxcr4b signaling gradient extends over the entire migrating lateral line primordium (150 lm), previous experiments have shown that for driving the migration of the cluster, its signaling activity is sufficient within a few cells located in the leading front (20 lm) of the group (Haas & Gilmour, 2006) . This finding suggests that principles similar to those observed in the single-cell migration of PGCs may apply to the leading cells, whose primary function would be to interpret the chemokine gradient over the length of a single cell, to polarize and to respond by directed migration. Combining computer models and experimental data, Dalle Nogare et al (2014) have recently provided evidence supporting another model. According to this work, cells at the edge of the cluster can respond to extracellular Cxcl12a by active migration, and these cells do so only when Cxcl12a levels have reached a certain threshold, rather than responding to the graded distribution of the chemokine across the cells. Although Cxcl12a levels are potentially high at different positions along the lateral line primordium cell cluster, Cxcr4b activation at the back of the cluster is blocked by Cxcr7b that reduces Cxcl12a levels. These conclusions were supported by following the behavior of fragments of the cluster that showed apolar motile behavior in groups of cells isolated from the main lateral line primordium. According to this alternative model, rather than establishing a gradient of Cxcl12a at the front of the cluster, the primary role of Cxcr7b-dependent depletion of Cxcl12a is to prevent Cxcr4b-expressing cells at the trailing edge from migrating as a result of low level of the chemokine in this location.
Gradient interpretation and polarization
In order to migrate in the correct direction, the migrating cell has to transform shallow chemokine gradients into a steep cellular polarity and perform a directed movement. To this end, the cell has to establish a front and a rear end and orient its axis with respect to the orientation of the gradient. An important observation in this context is that most chemotactic cells do not migrate in a direct straight line toward their targets, but rather exhibit only a biased movement, which over time results in the accumulation of cells at the target location. Three types of biased movements have been described: in orthotaxis, cells move with a higher velocity when migrating up the chemoattractant gradient (or down within a chemorepellent gradient) (Sarris et al, 2012) . In klinotaxis, cells move more persistently when migrating in the direction of higher chemoattractant concentrations and in topotaxis, cell turning is biased toward the maximum of the chemoattractant gradient (Dickinson & Tranquillo, 1995; Ionides et al, 2004) . Interestingly, the mechanisms responsible for biasing the direction of cellular movement differs dramatically between zebrafish PGCs and neutrophils. Whereas neutrophils display orthotactic behavior (Sarris et al, 2012) , PGCs use a combination of klinotaxis and topotaxis (Reichman-Fried et al, 2004; Minina et al, 2007) . PGCs thus exhibit higher persistence when migrating up the chemotactic gradient, coupled with an initial choice of a migration course that corresponds to the direction where the level of the chemoattractant is elevated. This difference could stem from differences in motility hallmarks between the two cell types: in contrast to neutrophils, which display a continuous movement (Sarris et al, 2012) , PGCs exhibit biphasic behavior, with periods of linear movement (or run phases) followed by a stationary phase (or tumbling phases) that allow cell reorientation upon reacquisition of motility (Reichman-Fried et al, 2004) .
These mechanistic differences could also stem from alternative molecular pathways employed by the two cell types in the translation of differential receptor activation into cell polarity and directed migration. In the case of Dictyostelium migration for example, differential localization of phosphatidylinositol (3,4,5)-triphosphate (PIP3) to the cell front is observed. Similarly, PIP3 is enriched at the leading edge of migrating neutrophils and inhibition of PIP3 production abolishes zebrafish neutrophil migration . PIP3 recruits proteins that contain pleckstrin homology (PH) domains, thereby directing actin polymerization to the front of the cell, thus leading to cell polarization and migration. In contrast, PIP3 is uniformly distributed around the cell perimeter in PGCs and interfering with PIP3 production does not affect the directional migration of these cells (Dumstrei et al, 2004) . Instead, the asymmetric calcium distribution in response to Cxcr4b signaling could potentially increase actomyosin contraction at the cell front, directing protrusions formation in the form of blebs to this aspect of the cell (Blaser et al, 2006) . Nevertheless, PIP3 appears to be important for PGC migration, as reducing its level affects the extent of the cell polarity, the length of filopodia and decreases the migration speed The EMBO Journal Chemokines in zebrafish cell migration Jeroen Bussmann & Erez Raz of the cells, pointing at a role in the mechanisms promoting actual motility (Dumstrei et al, 2004) . Together, orthotactic cell migration in neutrophils appears to rely on the polar distribution of PIP3 that is translated into polar actin polymerization. In the absence of polar PIP3 distribution, the topotactic migration of PGCs is based on alternative polarization pathways that may include the asymmetric distribution of calcium ions that could bias bleb formation in the direction of the chemokine gradient at the exit from the apolar tumbling phases. In the case of the lateral line organ, the translation of the distribution of the chemokine in the environment into directed migration appears in first glance as a more complex task. However, the finding that these are only the cells at the front of the cluster that are critical for this movement (Haas & Gilmour, 2006; Dalle Nogare et al, 2014) raises the option that the forward movement of the cluster in response to the chemokine relies on polarization processes that are similar to those characterized in single cells.
Cellular motility
In the absence of chemokine gradients, both PGCs and neutrophils are still highly motile cells, which efficiently polarize albeit in a random direction (Doitsidou et al, 2002; Reichman-Fried et al, 2004; Deng et al, 2013) , while for directional cell migration to occur, the motility machinery has to be polarized in response to polarized chemokine receptor signaling. The coupling between directed signaling and the motility machinery is still poorly understood and constitutes a key question in the field. At least some molecular components contributing to the motility of PGC in vivo are known. During the run phase, PGCs display an enrichment of polymerized actin at the front of the cell. This polar distribution of polymerized actin depends on the Rho-family GTPase Rac1, whose regulated function is essential for efficient PGC migration (Kardash et al, 2010) . Rac1 acts downstream of heterotrimeric G-proteins in regulating general PGC motility (Xu et al, 2012) , and the Rac1 family member, Rac2, is similarly required for the motility of zebrafish neutrophils (Deng et al, 2011) . Importantly, interfering with Rac2 activity in neutrophils affects polarized PIP3 localization and perturbs chemotaxis in addition to general motility, whereas Rac1 in PGCs appears to regulate motility alone.
Interestingly, similar to mouse dendritic cells (Lammermann et al, 2008) , zebrafish PGCs can migrate in the absence of integrinmediated extracellular matrix adhesion in vivo (Kardash et al, 2010) . Instead, PGCs may rely on E-cadherin-mediated cell-cell adhesion as an anchor in order to generate traction forces required for motility (Kardash et al, 2010) . While being required to sustain efficient migration, at the onset of motility, E-cadherin level is reduced in PGCs to allow movement within the cellular environment of somatic cells (Blaser et al, 2005; Goudarzi et al, 2012) .
The reduction in E-cadherin level at the onset of migration was recently shown to be controlled by the regulator of G-protein signaling (RGS) 14a (Hartwig et al, 2014) . In this context, RGS14a, whose RNA is inherited by the early primordial germ cells, was shown to be responsible for maintaining the initial high level of E-cadherin in the PGCs. As the level of the RNA encoding for RGS14a declines during early development, the level of the adhesion molecule is reduced, allowing germ motility and response to the Cxcl12a attractive cues by directed migration. RGS14a thus functions as a brake that delays the onset of cell motility to stages when the guidance cue is first expressed in the environment, thereby reducing the risk of cells migrating too far from their target due to premature initiation of non-directed motility (Hartwig et al, 2014) .
Cell motility needs to be suppressed also as cells approach their targets, to prevent "overshooting" and thus to ensure precise arrival and arrest at the position where they exert their function. Indeed, lower migration speed or more frequent loss of polarity could be observed for PGCs as they reached the somatic gonad and for neutrophils as they arrive at the site of inflammation (Minina et al, 2007; Sarris et al, 2012) . In both cases, high chemokine levels appear to indicate arrival at the destination. Consistent with this notion is the observed reduction in migration speed under conditions of ubiquitous overexpression of the relevant chemokine (Boldajipour et al, 2008; Sarris et al, 2012) . In the case of PGCs, the induction of receptor internalization triggered by high levels of Cxcl12a has been identified as a key step in the downregulation of cell motility upon arrival at the target (Minina et al, 2007) .
Beyond the zebrafish
This review focuses on the use of zebrafish in studying the in vivo mechanisms of chemokine-induced migration, but some of the fundamental insights obtained using this organism have been extended to higher vertebrates. For example, in a recent study, Ulvmar et al (2014) have shown that the formation of a functional chemokine gradient within the mouse lymph node depends on a signaling and a scavenging receptor analogous to the zebrafish Cxcl12/Cxcr4/Cxcr7 system. Part of the route that dendritic cells (DCs) take during infection is from the subcapsular sinus (SCS), a lumen lined with lymphatic endothelial cells, into the subcortical zone where they interact with T lymphocytes (Johnson & Jackson, 2014) . This migration depends on the chemokines CCL19 and CCL21, which activate the receptor CCR7 on DCs. CCL21 gradient formation requires the function of the scavenging receptor ACKR4 (also known as CCRL1), which is expressed by the most cortical lymphatic endothelial cells. ACKR4-mediated endocytosis of CCL21 removes it from the SCS, thereby generating a CCL21 gradient that guides DCs toward the subcortical zone (Ulvmar et al, 2014) . Since the mouse lymph node is accessible for in vivo imaging, it could be used to visualize the dynamics of chemokine gradients in a higher vertebrate. Additionally, as many chemokines could potentially interact with scavenging receptors (Nibbs & Graham, 2013) , the chemokine gradient formation models identified in zebrafish germ cell and lateral line migration might be prototypical to chemokine gradient formation in other vertebrates.
Conclusions and open questions
The ability to visualize cell migration at unprecedented resolution has made the zebrafish a powerful tool for studying the molecular and cellular mechanisms of chemotaxis in vivo. PGCs and neutrophils have so far been the most intensively studied cell types, providing complementary information on the molecular mechanisms that regulate chemokine-mediated single cell migration. The comprehensive understanding achieved in these models is likely to be relevant for other cell types that rely on chemokines for directed migration as single cells. For example, lymphocyte progenitor homing to the thymus during embryonic thymopoiesis was found to be guided through the combined activity of Cxcl12a, Cxcl12b, and Ccl25a (Bajoghli et al, 2009; Hess & Boehm, 2012) . Last, it would be interesting to determine the similarity and difference between the mechanism facilitating the motility and directional migration of single cells guided by chemokines and cells that respond to those signals as a group.
